Abstract. Epigenetic modification, particularly changes in DNA methylation at gene promoters, is implicated in the pathogenesis of atherosclerosis. However, the analysis of DNA methylation in atherosclerosis has been limited to a few selected candidate genes. In this study, we therefore performed a genome-wide analysis of DNA methylation in the atherosclerotic human aorta. A total of 48 post-mortem human aortic intima specimens were examined. To avoid the effects of interindividual variation, we performed intraindividual paired comparisons between atheromatous plaque lesions and corresponding plaque-free tissue for 24 subjects. Bisulfitemodified genomic DNA was analyzed for DNA methylation with a specific microarray (Illumina HumanMethylation450 BeadChip). We compensated for multiple comparisons by applying Bonferroni's correction for statistical significance of association. DNA methylation was significantly (P<1.03x10 -7 ) reduced at 15 CpG sites in 14 genes and increased at 30 CpG sites in 22 genes in atheromatous plaque compared with plaquefree intima. Three of the hypomethylated genes [Drosophila headcase (HECA), early B-cell factor 1 (EBF1) and nucleotidebinding oligomerization domain containing 2 (NOD2)] and three of the hypermethylated genes [human mitogen-activated protein kinase kinase kinase kinase 4 (MAP4K4), zinc finger E-box binding homeobox 1 (ZEB1) and FYN] were previously been implicated in atherosclerosis. The overexpression of HECA, EBF1 or NOD2 or the suppression of MAP4K4, ZEB1 or FYN expression in cultured HEK293 cells resulted in significant (P<4.80x10 -7 ) changes in the expression of atherosclerosis-related genes, as determined with an expression microarray (Illumina HumanHT-12 v4 Expression BeadChip). Our findings suggested that HECA, EBF1 and NOD2 were significantly hypomethylated, whereas MAP4K4, ZEB1 and FYN were hypermethylated, in atheromatous plaque lesions compared with plaque-free intima. Epigenetic mechanisms may thus contribute to the pathogenesis of atherosclerosis.
Introduction
Epigenetic modification, particularly changes in DNA methylation at gene promoters, has been implicated in the pathogenesis of various complex diseases, including atherosclerotic cardiovascular disease (1) (2) (3) (4) . Given that cellular patterns of DNA methylation are affected by environmental and dietary factors, as well as by age, gender and genetic variants (1, 2) , knowledge of the DNA methylation pattern of atherosclerotic plaque lesions may provide insight into the molecular mechanisms and interindividual outcome variability of atherosclerotic diseases. Although DNA methylation in various genes has been shown to be related to atherosclerosis or cardiovascular disease (4) (5) (6) , the pattern of DNA methylation in the atherosclerotic human aorta has not been fully determined at the genome-wide level. In this study, we therefore performed a genome-wide analysis of DNA methylation in the atherosclerotic human aorta in order to clarify epigenetic mechanisms underlying the development of atherosclerosis.
Materials and methods
Study samples. A total of 48 post-mortem specimens of the human aortic intima were examined. To avoid the effects of interindividual variation, we performed intraindividual paired comparisons of DNA methylation between atheromatous plaque lesions and corresponding plaque-free tissue for 24 subjects. The tissue samples were frozen at -80˚C immediately after dissection. The study protocol was approved by
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the Committees on the Ethics of Human Research of Mie University Graduate School of Medicine, Tokyo Metropolitan Institute of Gerontology, Japanese Red Cross Nagoya First Hospital (Nagoya, Japan), and Gifu Prefectural Tajimi Hospital (Tajimi, Japan). Written informed consent was obtained from families of the deceased subjects.
Immunohistochemical analysis of atheromatous plaque and plaque-free intima. Specimens of atheromatous plaque lesions and plaque-free intima were subjected to immunohistochemical analysis. Formalin-fixed and paraffin-embedded sections were depleted of paraffin, hydrated, immersed in 0.01 mol/l citrate buffer (pH 6.0), and heated for 10 min in a pressure cooker. Staining was performed with the use of a ChemMate Envision/HRP kit (Dako, Glostrup, Denmark). Mouse monoclonal antibodies to α-smooth muscle actin (α-SMA) (clone 1A4, M0851; Dako), to CD68 (clone PG-M1, N1576; Dako) and to CD45 (clone 2B11 + PD7/26, 722071; Nichirei Bioscience, Tokyo, Japan) were applied according to the manufacturer's instructions. Proteinase K pre-treatment was used for CD68 and CD45.
Genome-wide analysis of DNA methylation. Genomic DNA was extracted from finely minced tissue specimens with phenol-chloroform and was then precipitated with ethanol. Bisulfite-modified genomic DNA was analyzed for DNA methylation with a DNA methylation-specific microarray that includes 485,553 CpG sites distributed throughout the entire genome (HumanMethylation450 BeadChip; Illumina, San Diego, CA, USA). Bisulfite conversion was performed with an EZ DNA Methylation kit (Zymo Research, Irvine, CA, USA). We measured methylation at CpG sites in genomic DNA isolated from atheromatous plaque or plaque-free intima with a GenomeStudio Methylation Module (Illumina). Call rate values for the 48 samples were ≥99.3%, with a mean of 99.9%. The DNA methylation level at each CpG site was calculated as the β value, where β = intensity of the methylated allele/ (intensity of the methylated allele + intensity of the unmethylated allele +100), as previously described (7, 8) .
Transfection and immunoblot analysis. Human embryonic kidney (HEK)293 cells were cultured under 5% CO 2 at 37˚C in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, penicillin (100 U/ml) and streptomycin (100 µg/ml). For examination of the effects of gene overexpression, HEK293 cells were transfected for 48 h with the expression vector, pCMV6-Entry (encoding COOH-terminal Myc and DDK epitope tags; OriGene, Rockville, MD, USA), containing human Drosophila headcase (HECA) homolog, early B-cell factor 1 (EBF1), or nucleotide-binding oligomerization domain containing 2 (NOD2) cDNA (or with the empty vector alone) with the use of polyethylenimine, as previously described (9) . The transfected cells were solubilized with 2X sodium dodecyl sulfate (SDS) sample buffer and subjected to immunoblot analysis with antibodies to human HECA (ab98993), EBF1 (ab126135), or NOD2 (ab31488) (all from Abcam, Cambridge, UK) at a dilution of 1:1,000, 1:1,000 or 1:500, respectively, or with mouse monoclonal antibodies to the DDK epitope (OriGene) at a dilution of 1:6,000. For the examination of the effects of attenuation of gene expression, HEK293 cells were transfected for 72 h with the vector, pGFP-V-RS encoding short hairpin RNA (shRNA) for human mitogen-activated protein kinase kinase kinase kinase 4 (MAP4K4), zinc finger E-box binding homeobox 1 (ZEB1) or FYN or a scrambled shRNA (OriGene), with the use of polyethylenimine, as previously described (9) . The cells were then lysed and subjected to immunoblot analysis with antibodies to human MAP4K4 (ab134092), ZEB1 (ab155249), or FYN (ab119855) (all from Abcam) at a dilution of 1:1,000, 1:1,000 or 1:500, respectively. Immune complexes were detected with enhanced chemiluminescence reagents (GE Healthcare Bio-Science, Piscataway, NJ, USA).
Genome-wide gene expression analysis. Total RNA was isolated from the transfected cells with the use of a NucleoSpin RNA II kit (Macherey-Nagel, Düren, Germany). A total of 72 RNA samples was analyzed for RNA concentration and RNA integrity (RIN) with a 2100 Bioanalyzer and an RNA 6000 Nano kit (Agilent Technologies, Santa Clara, CA, USA).
The RIN values for the 72 samples were ≥9.4, with a mean of 9.93. The RNA samples were then subjected to genome-wide analysis of gene expression with a microarray that targets 34,694 transcripts corresponding to well-characterized genes, gene candidates, or splice variants distributed throughout the entire genome (HumanHT-12 v4 Expression BeadChip; Illumina). In brief, total RNA (500 ng) was amplified as cRNA and biotinylated with the use of Epicentre TargetAmp Nano-g Biotin-aRNA Labeling for the Illumina System (Epicentre, Madison, WI, USA). The concentration and quality of the biotinylated cRNA were assessed with the 2100 Bioanalyzer. Subsequent steps included hybridization of each sample to the HumanHT-12 v4 Expression BeadChip, washing, blocking and streptavidin-Cy3 staining. A GenomeStudio Gene Expression Module (Illumina) was used to generate signal intensity values from the scans and to perform the initial quality controls. Values for noise-to-signal ratio (P95/P05 ratio) were between 12.8 and 23.8 for all samples (mean, 17.4), which is within the acceptable range of ≥10. (Tables II and III) . Statistical tests were performed with JMP Genomics version 6.0 software (SAS Institute, Inc., Cary, NC, USA).
Results
Immunohistochemical analysis of atheromatous plaque and plaque-free intima. We performed immunohistochemical staining for SMA, CD68 and CD45 (markers for smooth muscle cells, macrophages and lymphocytes, respectively) in specimens of the human aorta containing atheromatous plaque lesions or plaque-free intima. Atheromatous plaque lesions appeared positive for SMA and CD68, but negative for CD45.
Higher-magnification images revealed that infiltrated foamy macrophages were abundant, whereas lymphocytes were rare in atheromatous plaque. Plaque-free intima was positive for SMA, but negative for CD68 and CD45 (data not shown). Genome-wide analysis of DNA methylation was performed for genomic DNA from atheromatous plaque and matched plaque-free intima specimens of the postmortem human aorta from 24 subjects. Hypomethylated or hypermethylated CpG sites significantly (P<1.03x10
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) related to atherosclerosis are listed. TSS200 (1500), within 200 (1500) bp from the transcription start site; UTR, untranslated region. sites in 22 genes (with three genes being present in both groups) in atheromatous plaque compared with matched plaque-free intima (Table I) . We examined the potential relation of these 33 genes to atherosclerosis, cardiovascular disease, coronary heart disease, or vascular inflammation by searching the PubMed (NCBI) database. Three of the hypomethylated genes (HECA, EBF1 and NOD2) and three of the hypermethylated genes (MAP4K4, ZEB1 and FYN) have previously been implicated in atherosclerosis or cardiovascular disease (10) (11) (12) (13) (14) (15) .
Effects of the overexpression of hypomethylated genes or of the attenuated expression of hypermethylated genes on genomewide gene expression. Hypomethylation or hypermethylation of CpG sites is associated with the up-or downregulation of gene transcription, respectively (3). We therefore examined the effects of overexpression of HECA, EBF1 or NOD2 or of the shRNA-mediated suppression of MAP4K4, ZEB1 or FYN expression on genome-wide gene expression in cultured HEK293 cells with the use of a gene expression microarray.
Immunoblot analysis revealed that the abundance of HECA, EBF1 or NOD2 was markedly increased following the transfection of the HEK293 cells with an expression vector for the corresponding human protein (Fig. 1) . The overexpression of HECA, EBF1, or NOD2 resulted in a significant (P<4.80x10 -7 ) change in the abundance of the 769, 980 or 118 transcripts, respectively. We examined these transcripts with the UniGene database (NCBI) and selected 50 corresponding validated or putative protein-coding genes with the lowest P-values for each overexpressed protein (Table II) .
The overexpression of HECA significantly altered the expression of genes, including those related to cell proliferation and differentiation [cell division cycle 25C (CDC25C), cyclin C (CCNC) and p21 protein (Cdc42/Rac)-activated kinase 1 (PAK1)], adenosine 3 (Table II) .
The abundance of MAP4K4, ZEB1 or FYN was markedly reduced following transfection of the HEK293 cells with an expression vector for a corresponding shRNA (Fig. 2) . The depletion of MAP4K4, ZEB1 or FYN resulted in significant (P<4.80x10 -7 ) changes in the abundance of the 1485, 404 or 411 transcripts, respectively. We examined these transcripts with the NCBI database and selected 50 corresponding validated or putative protein-coding genes with the lowest P-values for each depleted protein (Table III) Microarray-based genome-wide analysis of gene expression was performed for HEK293 cells transfected as in Fig. 1 . Data were obtained from eight (HECA, EBF1, NOD2) or 12 (control) experiments. Transcripts whose abundance was significantly (P<4.80x10 (Table III) .
Discussion
In this study, we demonstrate that HECA, EBF1 and NOD2 are significantly hypomethylated, whereas MAP4K4, ZEB1 and FYN are significantly hypermethylated, in genomic DNA isolated from atheromatous plaque compared with that from matched plaque-free intima. We demonstrate that the overexpression of HECA, EBF1 or NOD2 or the depletion of MAP4K4, ZEB1 or FYN in cultured HEK293 cells results in significant changes in the expression of various atherosclerosis-related genes.
HECA. Evidence has suggested that HECA plays an important role in human carcinogenesis (16) . HECA has also previously been found to be related to coronary heart disease, with HECA expression being increased in the atherosclerotic aortic wall (10) . In this study, we demonstrated that HECA was significantly hypomethylated in atheromatous plaque and that the overexpression of HECA in HEK293 cells resulted in the increased expression of genes related to cell proliferation (CDC25C, CCNC and PAK1), a process important in the development of atherosclerosis in the arterial intima. The overexpression of HECA also increased the expression of a gene related to cAMP signaling (CREBBP), which may play an important role in the pathogenesis of atherosclerosis (17) . In addition, the overexpression of HECA increased the expression of a gene related to CDKN2A regulation (CDKN2AIP). Given that CDKN2A is a susceptibility locus for coronary heart disease and myocardial infarction (18), the increased expression of CDKN2AIP may be related to these conditions. EBF1. EBF1 is an important determinant of early B lymphopoiesis and as such contributes to hematopoiesis and immunity (19) . Analysis of knockout mice has also identified a role for EBF1 in lipid metabolism and phenotypes related to cardiovascular disease. EBF1-deficient mice manifest lipodystrophy characterized by a marked decrease in the amount of white adipose tissue, as well as an increase in yellow adipose tissue in bone marrow compared with wild-type controls (20) , consistent with the notion that EBF1 participates in terminal adipocyte differentiation and the initiation of adipocyte development (21) . The expression of EBF1 has previously been found to be increased in visceral fat and the atherosclerotic aortic wall (10) , and polymorphisms of EBF1 have been shown to be related both to the plasma concentration of low density lipoprotein-cholesterol and to coronary atherosclerosis (11) . In this study, we demonstrated that EBF1 was significantly hypomethylated in atheromatous plaque and that the overexpression of EBF1 in HEK293 cells resulted in the increased expression of genes related to cell proliferation (FOXQ1, CCNE1 and PAK1), to inflammatory response (CEBPD), and to cell adhesion (CDH1).
NOD2. NOD1 and NOD2 regulate the activation of nuclear factor of κ light polypeptide gene enhancer in B cells 1 (NFKB1) in human fibroblast and aortic endothelial cell lines in response to infection with Chlamydophila pneumoniae, one of the most common bacterial species detected in atherosclerotic plaques (22) . NOD2 senses bacterial molecules and activates NFKB1-dependent gene expression through the RIP2-IKK pathway (23, 24) . The NFKB1 pathway contributes to the upregulation of the expression of pro-inflammatory molecules, resulting in amplification of inflammation and stimulation of both adaptive and innate immune responses (24) . NOD2 may thus be a key regulator of vascular inflammation and the development of atherosclerosis (25) . Genetic variants of NOD2 have been related to coronary heart disease (12) . In this study, we showed that NOD2 was significantly hypomethylated in atheromatous plaque and that the overexpression of NOD2 in HEK293 cells resulted in the increased expression of genes related to inflammatory response (IL-8), to cell-cell or cell- Microarray-based genome-wide analysis of gene expression was performed for HEK293 cells transfected as in Fig. 2 . Data were obtained from eight (MAP4K4, ZEB1, FYN) or 12 (control) experiments. Transcripts whose abundance was significantly (P<4.80x10 -7 ) changed by depletion of MAP4K4, ZEB1 or FYN were examined with the UniGene database (NCBI), and 50 corresponding validated or putative protein-coding genes with the lowest P-values are listed. matrix interaction (LGALS1), and to cell division and growth (CCNE1 and GPC3).
MAP4K4. MAP4K4 is a member of the serine-threonine protein kinase family and specifically activates signaling by MAPK8 (also known as JNK1). MAP4K4 may function through the MAP3K7-MAP2K4-MAP2K7 kinase cascade and mediates signaling triggered by TNF (NCBI). A polymorphism of MAP4K4 has been related to carotid artery intima-media thickness for women receiving hormone replacement therapy (13) .
In this study, we demonstrated that MAP4K4 was significantly hypermethylated in atheromatous plaque and that the shRNAmediated depletion of MAP4K4 in HEK293 cells resulted both in the increased expression of genes related to chemokines (CCL5 and CXCL10), interferons (IRF7, IFNL1 and IFNB1), leukocyte adhesion (ALCAM), TNF release from endothelial cells (NUCB2), and the activation of NFKB1 signaling (TAB2 and NKAP), all of which are also related to vascular inflammation, as well as in the attenuation of the expression of a gene related to TGF-β1 activity (TGFBRAP1).
ZEB1. ZEB1 is a zinc finger transcription factor expressed in various cell types, including vascular smooth muscle cells (26) . Silencing of ZEB1 by RNA interference increased expression of inflammatory genes such as that for prostaglandin-endoperoxide synthase 2 in vascular smooth muscle cells (14) , suggesting that ZEB1 negatively regulates the expression of such genes. In this study, we showed that ZEB1 was significantly hypermethylated in atheromatous plaque and that the depletion of ZEB1 in HEK293 cells resulted both in the increased expression of genes related to TNF release from endothelial cells (NUCB2) and cell adhesion (ITGAV), as well as in the reduced expression of a gene related to TGF-β1 activity (TGFBRAP1).
FYN oncogene related to SRC, FGR, YES (FYN)
. FYN is a member of a family of protein tyrosine kinases that also serve as oncoproteins. It is a membrane-associated protein and has been implicated in the control of cell proliferation. It associates with the p85 subunit of phosphatidylinositol 3-kinase and with FYN binding protein (NCBI database), and has been shown to play a role in the activation of platelets (15) . The expression of FYN has previously been found to be decreased in the atherosclerotic aortic wall (10) . In this study, we demonstrated that FYN was significantly hypermethylated in atheromatous plaque and that the depletion of FYN in HEK293 cells resulted in the increased expression of genes related to NFKB1 signaling (TAB2 and NKAP) and in the reduced expression of genes related to TGF-β1 (TGFBRAP1) or PPARγ (PPARGC1B) activity.
Although our microarray-based analysis of genome-wide gene expression revealed significant alterations in the expression of diverse genes in response to the overexpression of HECA, EBF1 or NOD2 or to the suppression of the expression of MAP4K4, ZEB1 or FYN, our results suggest that the up-or downregulation of genes related to vascular inflammation or atherogenesis is prominent among such alterations.
Given that epigenetic modification has been shown to be tissue-specific, heterogeneity in DNA methylation levels has been observed among different cell and tissue types (27, 28) . The aortic intima comprises heterogeneous cell types. The plaque-free intima thus contains endothelial cells, smooth muscle cells, fibroblasts, and monocytes-macrophages, whereas the intima of atheromatous plaque contains these cell types as well as foam cells. Given that it is difficult to isolate individual cell types, such as foam cells from atheromatous plaque, we analyzed the DNA methylation patterns of genomic DNA samples extracted from atheromatous plaque and plaquefree intima. Given that interindividual variation in DNA methylation has also been detected for the same type of cell from the same type of tissue of unrelated individuals (28, 29) , we performed intraindividual paired comparisons between atheromatous plaque and corresponding plaque-free tissue to avoid the effects of such variation.
There were several limitations to the present study: i) the aortic intima samples comprised heterogeneous cell types. ii) Given the small sample size of the study, the statistical power of the genome-wide analysis of DNA methylation was not optimal. iii) The molecular mechanisms underlying the effects of DNA methylation identified in the present study on the development of atherosclerosis have not been determined definitively. iv) Validation of our findings will require their replication with other independent subject panels or ethnic groups.
In conclusion, our present results suggest that HECA, EBF1 and NOD2 are significantly hypomethylated, whereas MAP4K4, ZEB1 and FYN are hypermethylated, in atheromatous plaque lesions compared with plaque-free intima. The overexpression of these hypomethylated genes or the silencing of the hypermethylated genes in cultured cells resulted in significant changes in the expression of various atherosclerosis-related genes. Our findings thus suggest that epigenetic mechanisms may contribute to the pathogenesis of atherosclerosis.
